At Phalarope Pond, western Kodiak Island, a multidisciplinary study using pollen and spores, macrofossils, stable isotopes, and carbon accumulation provides the Holocene vegetation and climate history following the deglaciation that began over 16,000 cal years ago (yr BP). Following a cold and dry Younger Dryas, a warm and wet early Holocene was characterized by abundant ferns in a sedge tundra environment with maximum carbon accumulation, similar to high latitude peatlands globally. About 8,700 cal yr BP sedge and ferns declined and climate remained warm as drier conditions prevailed, limiting carbon sequestration. The abrupt shift in D/H isotopes of about 60% indicates a shift to cooler conditions or a more distal moisture source. Neoglaciation beginning about 3,700 cal yr BP is evident from increases in Artemisia, Empetrum and Betula, signifying cooler conditions, while Alnus declines, paralleling regional trends.
INTRODUCTION
Peatlands in subarctic Alaska provide a window into the history of a high latitude area that today is warming almost twice as fast as the rest of the globe (Cohen et al., 2014) . Describing the Holocene history of this region and its impact on carbon sequestration becomes increasingly important as we experience this warming. While warmer temperatures foster both increased primary production and decomposition, the net carbon stored often depends on the type of vegetation (Kuiper et al., 2014) and its moisture content. While we previously identified Kodiak Island as an area that experienced a marked Younger Dryas cooling during the late-glacial Hadjas et al., 1998) using pollen and macrofossils, we now use these same vegetational indicators along with stable isotope to explore the vegetational, climatic, and carbon accumulation history throughout the Holocene from the same site.
Study Site
Phalarope Pond (57 • N, 154 • 26 W) is a kettle pond located in a recessional moraine of a glacier that flowed seaward out of Olga Bay on southwestern Kodiak Island (Figure 1) . Deglaciation occurred ca. 14,700 14 C years BP Peteet and Mann, 1994) .
The mountainous interior of Kodiak Island results in a climatic gradient between the warmer, maritime, eastern side of the island where the town of Kodiak is located to the colder, drier, Shelikof Strait side. The town of Kodiak has an average January temperature of 0 • C and a July temperature of 12.1 • C (National Oceanic and Atmospheric Administration [NOAA], 1985) . Karlstrom (1969) noted that January temperatures over 30 cal yr BP are 3 • C colder on the Shelikof Strait side of the archipelago. While Kodiak town receives 170-185 cm of precipitation a year (National Oceanic and Atmospheric Administration [NOAA], 1985 [NOAA], , 2018 , the Shelikof Strait side receives less than half that amount (Karlstrom, 1969) . To the west, the Shumigan Islands receive a similar amount of precipitation at about 87 cm (Heusser, 1983) , and Cold Bay on the western Alaskan Peninsula 1 about 91 cm. Landscapes on the western side of Kodiak Island are primarily treeless, with occasional trees appearing where Picea sitchensis seeds find mineral soil, sometimes atop mountains. Moist peatlands are typical of the valley bottoms, with a dominance of sedge and moss tundra, but with shrubs of Salix, Betula, and Alnus throughout. Drier lowland hummocks are blanketed with heaths such as Empetrum nigrum, Arctostaphylos uvaursi, Vaccinium vitis-idaea, V. uliginosum, as well as Betula nana. Wetland habitats such as border Phalarope Pond contain abundant Sphagnum and Carex together with Ledum palustre, V. vitis-idaea, Rubus chamaemorus, and Drosera rotundifolia. Emergent/quatic plants include Menyanthes trifoliata, Hippuris vulgaris, and Nuphar polysepalum. Blanketing moist slopes above the peatlands are meadows of abundant herbs such as Veratrum viride, Sanguisorba stipulata, Polemonium acutiflorum, and Epilobium angustifolium, while drier slopes include Calamagrostis canadensis subsp. Langsdorffii and Heracleum lanatum and ferns such as Dryopteris dilatata and Athyrium filix-femina. At the boundary 1 http://www.cold-bay.climatemps.com/ of meadows and alpine heath, Alnus shrubs and Rubus spectabilis occur.
MATERIALS AND METHODS
Phalarope Pond (Figure 1) , at 30 m elevation, is a small circular kettle from which we retrieved an 8.2-m core at the center of the pond, along the edge of an encroaching bog mat which extends halfway across the pond. A modified Livingstone piston corer (Wright et al., 1984) was used for sediment extraction. Cores were extruded in the field, wrapped in plastic film and aluminum foil, and stored in the refrigerated repository at LDEO. The lowest 4 m of sediment are comprised of silty organics, ending in gravel at the base. The core was sampled for pollen and spores at 5-or 10-cm intervals. Samples were processed using 2 ml of sediment, following the procedures of Heusser and Stock (1984) . Lycopodium clavatum tablets were added to calculate pollen concentrations, and processing included use of KOH, HCL and HF, 150 and 7 micron screening, as well as acetolysis, alcohol dehydration, and silicone oil mounts. At least 300 pollen grains were counted for each sample, and spores tallied in addition. Pollen slides were examined at 400×, and identified with a coastal Alaskan reference collection (i.e., Heusser and Peteet, 1987) . Percentage of spores is based upon the sum of pollen and spores. Nomenclature follows Hulten (1968) , and data were plotted using Tiliagraph (Grimm, 1992) .
Soluble lipids were extracted from freeze-dried peat samples by three successive rounds of ultrasonic agitation in hexane. The three rinses were combined for the total lipid extract (TLE). TLE was separated by silica gel flash column chromatography into three fractions: hydrocarbons are eluted with hexane; ketones, esters, and aromatic compounds with dichloromethane; and polar compounds with methanol. Hydrocarbons were quantified prior to hydrogen isotope analysis by gas chromatographyflame ionization detection (GC-FID). Hydrogen isotope ratios of individual n-alkanes were determined by continuous flow isotope ratio mass spectrometry. Eluent from a gas chromatograph (Thermo Trace GC) passes through a pyrolysis reactor (Thermo GC IsoLink) where organic compounds are converted to H 2 gas, which then is passed to the IRMS (Thermo Delta V) via a continuous flow device (Nichols et al., 2014a) .
Hydrogen isotope ratios of peatland water is calculated from the δD of C 29 n-alkane (n-nonacosane) using an empirical apparent enrichment factor. For each sample an elw is chosen based on the macrofossil stratigraphy. In parts of the stratigraphy where vascular vegetation is dominated by sedges, a median elw for monocots is used, and where vascular vegetation of the peatland is dominated by ericads, a median elw for dicots is used. Enrichments for these vegetation types are from published literature (Sachse et al., 2012) . Uncertainty around these enrichment factors (about ±30 ) as well as analytical uncertainty (±2 are propagated through calculations of peatland water δD). We only interpret changes in δD of peatland water that exceed 75% confidence based on this propagated uncertainty (Nichols et al., 2014a,b) .
Percent weight loss on ignition (LOI) followed Dean (1974) , and after drying, samples were burned at 550 C for 2 h. LOI and bulk density measurements were multiplied to calculate ash-free bulk density. Carbon content was calculated from the ash-free bulk density by multiplying by.423 in Sphagnum peat and 0.511 in sedge peat (Loisel et al., 2014) .
Samples were screened for macrofossils at 5 cm intervals using screens of 0.5 and 0.1 mm, picked in water at a magnification of 20-60×, and identified using the macrofossil collection at LDEO. All samples are stored in the LDEO refrigerated repository in water. Identified samples for AMS dating were sent to the National Ocean Science AMS Facility (NOSAMS, Woods Hole).
Radiocarbon ages on identified plant macrofossils are presented in Table 1 . The 14 C ages were calibrated using CALIB 7.1 html (Stuiver et al., 2019) . We used the "Bacon" Bayesian agedepth modeling tool to estimate the ages of sediment samples (Blaauw and Christen, 2011) . All radiocarbon dates fell within the 95% confidence intervals around the resulting age model. Input and "priors" files are available here as a supplement. Ages are presented in calibrated years, years BP (Before Present,; 0 year BP = 1950 AD), and uncertainties are shown at the 95% (2-sigma) confidence level. Pollen and spore percentage diagrams as well as the macrofossil diagram were drafted using Tilia (Grimm, 1992) . Pollen and macrofossil data are stored in the Neotoma database.
RESULTS
The three tephras that define the earliest late-glacial-(purple), the mid-Younger Dryas white tephra, and the early Holocene gray tephra (10,200 cal yr BP) are described along with the chronology, pollen and spores, and macrofossils in Peteet and Mann (1994) . We refer to that discussion for the late-glacial, Chronology, Figure 2 and Table 1 Identified macrofossils from 12 samples were pre-treated with an acid-alkali-acid chemical digestion prior to combustion, graphitization, and measurement by accelerator mass spectrometry. The age-depth model based on AMS dates (Table 1) is presented in Figure 2 , which shows highest sedimentation rates in the lower part of the core and a shift to lower rates at about 2 m from the surface, followed by higher rates again about 1.5 m when the site shifts from a shallow pond to a peatland as indicated in the lithology and LOI results.
LOI, Sedimentation Rate, and Carbon Accumulation Rate, g/m 2 /Year (CAR), Figures 3-5
Loss on ignition (<10%) and sedimentation rates were low during the late glacial (0.3 mm/year, Figure 3) , while CAR was relatively high (Figure 5 ), linked to the relatively warm, moist Bölling-Alleröd period prior to the cold and dry Younger Dryas . Above the gray tephra, pond sediment is comprised of low organic content, increasing from around 2% at the level of the gray tephra at 5 m, to close to 10% between 5 and 4 m depth, between 10 ka and 8,500 cal yr BP. Highest sedimentation rates occurred during the earliest Holocene when they reached 1 mm/year. The carbon accumulation rate averaged about 10 g/m 2 /a until about 10 cal kyr when it increased to 20 g/m 2 /a, a maximum for the entire core. Above a depth of 350 cm (8,700 cal yr BP) the LOI, sedimentation rate, and CAR decline, with the LOI averaging less than 10%, the sedimentation rate declining from 0.6 to 0.2 mm/year, and the CAR fluctuating at <10 g/m 2 /yr. Above 150 cm (4,775 cal yr BP), LOI increases and averages close to 50%, sedimentation rate rises to between 0.2 and 0.6 mm/year, and CAR increase again to almost 15 g/m 2 /year in the uppermost peat near the surface of the floating mat of peat.
Pollen, Spores, and Macrofossil Analysis Groupings and Zonation (Figures 6, 7) Modern pollen-vegetational relationships were described by Peteet and Mann (1994) for this area of western Kodiak Island. We can use these relationships to interpret the vegetational history of the Holocene, just as we did for the late-glacial. Zone P-4, (11,500-8,700 ka, 550-350 cm Depth)
Zone P-4 encompasses the earliest Holocene zone, and the peat brackets the 70 cm of thick gray tephra. Polypodiaceae reach maximum values in this zone (80%), and Cyperaceae and Poaceae reach 40%, while Ericales remain at 10%, Empetrum leaves are sometimes present, and Apiaceae, Sanguisorba, and Asteraceae are quite visible in the record. Sanguisorba and Fritillaria are consistently present, while Betula and Alnus appear in very low percentages. Isoetes microspores and macrospores gradually increases upward, indicative of a wet environment, along with the fluctuating presence of other aquatic indicators such as Nuphar and Naias, bryozoan statoblasts, and cladoceran ephippia. Lenticular Carex achenes appear along with some Empetrum leaves, Viola seeds, and Vaccinium uliginosum and Rubus arcticus seeds. Sphagnum leaves are present throughout this zone, along with three other bryophytes.
Zone P-5, (8,700-7,600 ka, 300-275 cm Depth)
Ericales remain at about 10%, while Cyperaceae decline to as low as 25%, and then increase again at the top of the zone. Poaceae s Zone P-9 P-8 P-7 P-6 P-5 P-4 Grey Tephra P-4 P-3 White Tephra P-3 P-2 Purple Tephra P-2 P-1 Lithology FIGURE 7 | Macrofossil diagram from Phalarope Pond, Kodiak Island.
Frontiers in Earth Science | www.frontiersin.orgremain close to 40%, while ferns decline to below 40%, and Isoetes spores continue to increase. A decline in the Apiaceae, disappearance of Alnus, Nuphar and cladoceran ephippia, as well as bryozoan statoblasts is notable. Sanguisorba is present, and Eriophorum seeds appear in this zone. A marked decline in Sphagnum is visible, and an increase in Polytrichum in one sample is paralleled by charcoal.
Zone P-6, (7,600-6,500 ka, 275-200 cm Depth)
Alnus consistently reaches 10%, Myrica gale is present, Ericales remain at the same value generally, and Poaceae and Cyperaceae decline to between 30 and 40%. Apiaceae reach maximum values, Sanguisorba remains throughout, Asteroideae are still abundant, Polypodiaceae again increase, and Isoetes microspores reach maximum values while Sphagnum declines but is still present throughout. Selaginella selaginoides macrospores make a first appearance, and cladoceran ephippia are present.
Zone P-7, (6,500-4,800 ka, 200-150 cm Depth)
While Poaceae decline markedly in this zone to 10%, Ericales increase from 10 to greater than 40%. Alnus rises from 10-30%. Cyperaceae decline, while Polypodiaceae fluctuate between 20 and 40%, and Isoetes microspores remain abundant while Isoetes macrospores decline to 0. The zone is almost devoid of macrofossils, and more pebbles are present in this zone than previous zones. Salix increases while Apiaceae disappear.
Zone P-8, (4,800-3,700 ka, 150-120 cm Depth)
Betula increase, Ericales decline while Poaceae, Cyperaceae, and Sparganium increase, and fungal spores become abundant. The zone is almost devoid of macrofossils, with the exception of minimal cladoceran ephippia, 1 Empetrum leaf, 1 Naias seed, and minimal Sphagnum, and Polytrichum strictum at the top of the zone, along with many fungal spores.
Zone P-9, (3,700-Present, 120 -Core Surface, With 50 cm Water Depth)
Especially distinctive in this zone are Betula and Artemisia, which reach their maximum values here, along with S. selaginoides macrospores. Empetrum seeds and leaves are consistently present along with Nuphar pollen and seeds, while Alnus declines and both Poaceae and Cyperaceae decline. Fungal spores are also prominent, and Sphagnum leaves appear.
DISCUSSION
Early Holocene (11,500-8,700 ka)
The low organic matter but presence of shallow aquatic indicators such as Nuphar polysepalum, Naias, bryozoan statoblasts, and cladoceran ephippia, along with the increasing presence of Isoetes, indicate a shallow pond environment. The extremely high percentages of fern spores along with high percentages of sedge and grass, Sphagnum, and a diversity of moss species indicate this period was relatively warm and moist. Supporting this inference is the presence of Fritillaria, along with Apiaceae, Sanguisorba, and Asteroideae. CAR reaches its highest rates for the entire core (20 g/m 2 /year, Figure 5 ), a rate similar or greater than at coastal Alaskan sits such as the Kenai Peninsula (Jones and Yu, 2010) where this interval is recognized as the Holocene thermal maximum (HTM). Similarly, the highest CAR from Corser Bog, near Cordova Alaska, occurs during this same early Holocene interval (Peteet et al., 2016) , although rates there are significantly higher. The D/H ratios of peatland water are enriched relative to the rest of the record, (Figure 8 ) suggesting precipitation is derived from local air masses originating in the North Pacific. Alternatively, enriched isotopes of precipitation could indicate increased warm season precipitation. Either interpretation would support moist growing season conditions during this interval, favorable for more rapid carbon accumulation. West of Kodiak, a welldated site on Adak Island in the Aleutians shows a very high accumulation rate during the early Holocene, similar to Phalarope (Noguchi et al., 2018) . Rapid peatland expansion and highest C accumulation during this interval is linked to early Holocene peatland carbon storage throughout the Subarctic (Loisel et al., 2014) . Interestingly, the very low percentage of Alnus in this interval, less than 5%, is in contrast to sites on eastern Kodiak during the early Holocene where it reaches up to 50% of the pollen sum (Heusser, 1960) . At the village site of Karluk, north of our site on the western edge of Kodiak Island, both Heusser (1960) and Nelson and Jordon (1988) retrieved cores dating back to the mid-Holocene, and both show a large decline in Alnus from the mid-Holocene toward the present, similar to this pollen record.
Early Mid-Holocene (8,700-7,600 ka)
The decline in fern spores as well as Sphagnum and Cyperaceae, with the increase in grasses suggests a slightly warm, drier environment, but one that is still very moist. As the sedimentation rate declines, so does the CAR, to an average less than 10 g/m 2 /a. The shallow lake sediment with Isoetes includes the first evidence of fire on the landscape.
Mid-Holocene (7,600-6,500 ka) Alnus appears to expand its range into southwestern Kodiak Island in response to early Holocene warmth. The vegetation suggests a climate that was warm and moist until the close of the zone. Specifically, Apiaceae pollen reach maximal values, fern spores remain abundant, and Sanguisorba and S. selaginoidesboth moist peatland indicators -are present. At the close of this zone ca. 6,500 cal yr BP, D/H ratios of peatland water show a large shift of about 60 toward more depleted values (Figure 8) , Several climatic factors could contribute to this dramatic depletion. Precipitation source could have shifted away from the warm, nearby North Pacific to higher-latitude, colder, or more distal moisture sources, such as from the Bering Sea (Lachniet et al., 2016) , which would have less precipitable moisture. Also, a shift in seasonality of precipitation resulting in more cold season precipitation and less warm season could produce a similar shift (Nichols et al., 2009) . Any of these influences, however, would result in less available moisture for peatland vegetation, resulting in the lowered rates of carbon accumulation we observe in the subsequent interval.
Late Mid-Holocene (6,500-3,700 ka)
The continued decline of Apiaceae, Cyperaceae, fern spores, and Sphagnum spores, with some fluctuation along with a declining sedimentation rate and CAR all suggest further drying of the landscape. Alnus, which was rare earlier in the Holocene, is consistently present, suggesting migration into the area from the eastern part of the island (Heusser, 1960) . Alnus pollen reached 50% at Karluk to the north at around 4,500 cal yr BP. Further west, Alnus is present in the Shumigan Islands in the midHolocene (Heusser, 1983) . Sanguisorba, a moist peatland herb, disappears. The presence of Artemisia and Ericales (probably Empetrum expansion) suggests a drier climate. Fungal spores reach their peak, also suggestive of drier conditions. The D/H ratio of peatland water (Figure 8 ) remains very depleted generally during this interval relative to the Early Holocene, suggesting the prevalence of air masses coming from colder and/or more distal regions or decreased growing season precipitation in favor of winter. Carbon accumulation continues to decline to less than 10 g/m 2 /year (Figure 5 ).
Late Holocene (3,700 to Present)
The shallow pond begins to be covered by a mat of peat as indicated by the increase in Sphagnum spores and the decline in Isoetes. LOI, sedimentation rate, and carbon accumulation rate increase. At the same time, Nuphar pollen and seeds, Sparganium pollen, and cladoceran ephippia indicate the presence of shallow pools of water in the peatland. However, the sustained presence of Artemisia and Betula along with the decline of Alnus suggest colder and possibly drier conditions, as does the fungal presence. Carbon accumulation begins to increase as Sphagnum increases, until it ranges between 10 and 15 g/m 2 /year. The Alnus decline in the late Holocene is paralleled in Heusser's (1960) records from both sides of Kodiak Island, as is the general increase in Ericales and Sphagnum. Nelson and Jordon's (1988) Karluk site similarly shows an increase in Artemisia in the late Holocene, with a decline in fern spores. The D/H ratios of peatland water continue to show very depleted values (Figure 8) . As the North Pacific high presumably moves eastward, drier, isotopically depleted air masses derived from the Bering Sea region may have been brought to the site. In contrast to locations bordering the eastern Gulf of Alaska (Heusser, 1960; Heusser et al., 1985; Peteet, 1986; Ager et al., 2010; Peteet et al., 2016) where colder, wetter climate occurred during the late Holocene, at Phalarope Pond climate seems to have been cooler, but the available moisture is difficult to discern.
CONCLUSIONS IN A REGIONAL CONTEXT
Early Holocene (11.5-8,700 cal yr BP) warmth and moisture characterize western Kodiak Island, with maximum carbon sequestration reaching (20 g/m 2 /year) (Figures 5, 9 ). This pattern of increased early Holocene CAR is similar to peatlands in the central and eastern Gulf of Alaska (Jones and Yu, 2010; Peteet et al., 2016) which have much higher rates of C accumulation (up to 50 g/m 2 /year) as well as high latitude peatlands globally (Loisel et al., 2014 ). Yet while western Kodiak Island has a dry and cool climate compared with peatlands surrounding the Gulf of Alaska to the east, carbon storage does fluctuate in response to climate forcing throughout the Holocene. A drier, more evaporative climate is present in the mid-Holocene (8,700-3,700 cal yr BP) when low LOI, low sedimentation rates, and increases in the abundances of fungal spore are concurrent with low rates of carbon accumulation. An abrupt depletion in D/H ratio of peatland water at ca. 6,500 cal yr BP suggests a commensurately abrupt shift to a cooler or more distal moisture source. Westward on Umnak Island and in the Shumigans (Figures 1, 9) , warmer conditions also prevailed (Heusser, 1973; Heusser, 1983) . On the western Alaskan Peninsula, Jordan and Krumhardt (2003) find warmer conditions with active dunes. Neoglaciation (3,500 cal yr BP -present) followed, as seen in many other pollen records (Heusser, 1960 (Heusser, , 1983 Heusser et al., 1985; Peteet, 1986 Peteet, , 1991 Jones et al., 2009; Ager et al., 2010; Peteet et al., 2016) along with glacial advances (Barclay et al., 2009 (Barclay et al., , 2013 resulting in a cooler climate with increasing Artemisia and Betula, declines in Alnus, increased Sphagnum and S. selaginoides and a rise in carbon accumulation to between 10 and 15 g/m 2 /year. A late-Holocene shift in sea surface temperatures indicative of cooling is also noted by Sabin and Pisias (1996) with intensification of the Aleutian Low. As a warming climate continues, it is clear that the availability of moisture will determine whether peatlands on western Kodiak Island and throughout the northern high latitudes will store more carbon or less.
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